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ABSTRACT 


Rat**  data  (on  transformation  temperatures)  have  been  obtained 
by  thermal  analysis,  in  conjunction  with  metallographic  examination 
on  pure  zirconium  and  alloys  of  zirconium-niobium  (up  to  five  wt.  pet, 
niobium)  Zirconium-dioxide  has  been  added  to  the  binary  alloys 
to  d°t'-rmine  the  effect  of  oxygen  on  the  transformation  temperatures. 

The  results  of  the  rate  data  disagree  with  most  of  the  published  results. 
However  a  better  vacuum  has  been  used  for  this  work  than  in  any  of 
the  previous  studies.  The  metallographic  results  provide  new 
information  about  the  probable  mechanism  of  transformation  in 
zirconium  and  the  zirconium-niobium  alloys. 
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INTRODUCTION 


Zirconium-niobium  binary  alloys  are  being  developed  as 
canning  materials  in  nuclear  reactors,  as  they  have  good  corrosion 
resistance,  high  melting  point,  high  strength,  and  low  neutron 
absorption;  thus  their  properties  are  of  great  interest  today. 

The  large  beta  region  in  the  zirconium-niobium  system 
suggests  there  is  a  possibility  of  heat-treating  these  alloys  to  improve 
their  mechanical  properties.  Further,  welding  is  a  part  of  the  present 
procedure  in  the  fabrication  of  fuel  rods--which  involves  heating  into 
the  beta  phase,  followed  by  relatively  fast  cooling.  For  these  reasons, 
knowledge  of  the  beta  to  alpha  transformation  in  zirconium,  and 
zirconium-niobium  alloys  could  conceivably  be  of  great  importance. 

The  diversity  of  transformation  phenomena  for  pure  zirconium 
has  limited  the  progress  in  establishing  theories  of  a  phenomenological 
nature.  Discrepancies  have  been  obtained  in  almost  every  experimental 
procedure  designed  to  measure  the  transformation  temperature, 
including  x-ray  data,  thermal  analysis,  metallography,  and  examin¬ 
ation  of  physical  properties. 

It  has  been  suggested  that  many  of  the  discrepancies  in 
zirconium  data  are  due  to  the  purity  of  the  metal  employed,  and  the 
extent  of  metal  contamination  during  the  course  of  experiments. 
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Oxygen  is  thought  to  have  a  marked  effect  on  the  transformation 
temperature,  but  the  exact  nature  of  the  effect  is  not  known  It 
has  been  reported  that  pure  zirconium  does  not  undergoe  a  martensitic 
transformation,  whereas  contaminated  zirconium  does  transform 
martensitic  ally . 

The  general  purpose  of  the  work  described  in  this  thesis 
is  to  investigate  ,  by  thermal  analysis,  the  effect  of  small  niobium 
additions  and  increased  cooling  rates  on  the  transformation  temp¬ 
erature  in  zirconium*,  and  the  effect  of  oxygen  in  the  zirconium- 
niobium  binary  alloys. 

In  an  effort  to  resolve  some  of  the  anomalies  surrounding 
the  zirconium  transformation  the  highest  purity  commercially 
available  iodide  zirconium  and  a  high  vacuum  system  were  used  for 
this  study.  Oxygen  has  been  added  to  the  specimens,  as  high  purity 
ZrO£,  after  the  method  used  by  Domagala'  . 

The  effects  of  specimen  size,  holding  temperature  prior  to 
quenching,  and  the  time  of  holding  a  specimen  at  temperature  were 
all  studied. 

The  crystallographic  theory  of  martensite  transformation 
contains  the  few  remaining  properties  common  to  all  martensite 

*This  work  was  initiated  prior  to  learning  of  a  similar  unpublished 
investigation  carried  out  at  Fulmer  Research  Institute^)  in  I960. 
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transformations;  thus  this  theory  will  be  accepted  in  this  thesis  as 
a  criterion  of  a  martensitic  transformation.  The  crystallographic 
theory  takes  account  only  of  the  geometrical  relationships  between 
the  initial  and  final  structures  in  a  transformation:  it  is  a  formal 
description  of  what  any  proposed  mechanism  must  achieve.  The 
basic  experimental  criterion  describing  the  martensitic  transformation 
is  that  since  a  new  crystalline!  phase  grows  out  of  the  parent  crystalline 
phase  by  the  advance  of  a  plane  interface,  the  growth  must  by 
accompanied  by  a  change  of  shape  which  is  revealed  on  a  flat  surface 
by  a  tilting  of  the  transformed  region.  An  examination  for  surface 
tilting  was  carried  out  in  conjunction  with  the  rate  data  on  all 


samples . 
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LITERATURE  REVIEW 


A.  TRANSFORMATION  IN  ZIRCONIUM 


(4) 

C.  Zwikker  in  1926  was  the  first  to  report  a  transformation 

in  zirconium,  which  he  discovered  by  electrical  resistance  and  thermal 

expansion  measurements.  Although  he  did  not  observe  a  sharp 

transformation,  the  important  feature  of  Zwikker's  work  is  the 

discovery  of  the  existence  of  a  transformation. 

(5) 

In  1931  R.  Vogel  and  W.  Tonn  determined  the  transformation 

temperature,  by  thermal  analysis,  to  be  862tt5°C,  (which  value  is 

accepted  today).  Although  the  presence  of  a  transition  had  been 

<6> 

affirmed,  it  was  not  until  1932  that  W.  Burgers  reported  the  crystal 

structure  of  the  high  temperature  phase  to  be  body-centered  cubic. 

It  is  now  conclusive  that  zirconium  has  two  allotropic  modifications: 

a|pha  zirconium,  which  is  close-packed  hexagonal,  stable  up  to  862°C, 

o 

and  beta  zirconium  which  is  body -centered  cubic,  stable  from  862  C 

o 

to  the  melting  point,  I860  C. 

The  transition  temperature  for  pure  zirconium  has  also  been 

(7)  (8) 

determined  by  F.  Forster  and  Scheil  ,  and  L.  P.  Srivastava  , 
who  studied  the  beta  to  alpha  transformation  by  thermal  analysis, 

o  .  (9) 

and  by  Squire  and  Kaufmann  ,  who  noted  discontinuities  in  curves 
of  temperature  vs  physical  properties,  in  the  alpha  to  beta  transform¬ 


ation. 
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B.  EFFECT  OF  OXYGEN  AND  NIOBIUM  ON  THE  TRANSFORMATION 

(1) 

E.  T.  Hayes  and  A,  R.  Kaufmann  ,  studying  the  alpha  to 
beta  transformation,  noticed  that  the  oxygen  content  of  the  zirconium 
used  had  an  effect  on  the  transformation  temperature.  They  also 
noticed  discontinuities  in  resistivity  curves  with  zirconium  contain¬ 
ing  0.07 to  o.  10  wt.  pet.  oxygen  at  cooling  rates  about  3200°C /second. 

(10) 

J.  H,  de  Boer  and  J.  D,  Fast  stated  that  the  transformation 
occurred  over  a  wide  temperature  range  upto  1630°C  after  the  absorp¬ 
tion  of  10  wt.  pet.  oxygen;  and  they  also  reported  that  the  sharpness 
of  the  transformation  is  decreased  with  increasing  oxygen  content.  The 
magnitude  of  the  effect  with  oxygen  is  illustrated  by  the  fact  that 
"alpha  solid  solution  is  stabilized  to  its  melting  point  by  progressive 
additions  of  oxygen.  A  maximum  melting  point  composition  occurs 

at  1975°C,  and  5.  5  wt.  pet.  oxygen. 

(12) 

A..  D.  Schope  discussed  the  effect  of  alloying  elements  on 
the  transformation  and  reported  that  niobium,  which  can  be  expected 
to  be  a  eutectoid  former  because  of  its  large  number  of  outer  d 
electrons,  enlarges  the  beta  field  and  lowers  the  transformation 
temperature;  but  he  did  not  report  how  much  it  was  lowered. 

In  a  theoretical  derivation  based  on  a  thermodynamic  quantity, 

(13 ) 

the  differential  heat  of  mixing,  Dwight  predicted  that  niobium 
would  lower  and  oxygen  would  raise  the  transformation  temperature. 
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C.  METALLURGY  OF  THE  ZIRCONIUM  TRANSFORMATION 

(14) 

Lustman  and  Kerze  have  made  a  comprehensive  metall- 
ographic  study  of  the  zirconium  transformation  showing: 

(a)  on  transformation  from  beta  crystals,  alpha  crystals  do  not  occur 
with  random  orientation  but  tend  to  form  as  elongated  plates, 

(b)  even  with  an  oxygen  content  as  high  as  0.  5  wt.  pet,  ,  equiaxed 
grains  with  smooth  grain  boundaries  result  from  slow  cooling, 

(c)  quenching  high  purity  zirconium  (0.  02  wt.  pet.  oxygen)  gives  an 
equiaxed  microstructure  with  scalloped  edges  at  the  grain  boundaries,. 

(d)  increasing  the  cooling  rate  and  the  oxygen  content  leads  to  an 
acicular  microstructure:  moderate  cooling  of  a  0.13  wt.  pet. 
oxygen  alloy  gives  a  Widmanst'dtten  structure;  rapid  cooling  of 
0.  39  wt.  pet.  oxygen  alloy  leads  to  an  acicular  structure;  rapid 
cooling  of  a  sample  contaminated  with  both  oxygen  and  nitrogen 
gives  a  "quenched  structure  very  similar  to  martensite  in  steels", 

(e)  hydrogen  has  no  tendency  to  produce  an  acicular  microstructure 
in  zirconium. 

(1) 

Hayes  and  Kaufmann  reported  an  acicular  microstructure 
on  quenching  zirconium  samples  with  0.01  to  0.10  wt.  pet.  oxygen, 
but  this  microstructure  was  absent  when  sufficiently  pure  zirconium 


was  employed 
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(15)  (16)  (17) 

Gaunt  and  Christian  ,  Cain  ,  Langeron  and  Lehr  , 

(18) 

and  Srivastava  have  all  reported  surface  rumpling  with  a  needle¬ 
like  martensitic  structure  on  quenching  zirconium  samples  with 
prepolished  surfaces  from  above  the  transformation  temperature. 

Gaunt  and  Christian  found  the  acicular  markings  were  irr¬ 
eversible  on  reheating  into  the  beta  range,  although  cycling  through 
a  500°C  range  did  give  reversible  markings,  which  appeared  on 
cooling  and  disappeared  again  on  heating.  Cain  thought  the  rumpled 
effect  only  occured  at  a  superficial  layer  of  the  specimens  and  might 
be  due  to  either  the  faster  cooling  rates  at  the  surface  or  contaminat¬ 
ion  at  the  surface.  Langeron  and  Lehr  quenched  polished  samples 

-6 

containing  10  ppm  oxygen  in  a  vacuum  of  5  x  10  mm.  Hg  and  observed 

a  rumpled  surface.  Srivastava  quenched  polished  samples  in  a  vacuum 

-  6 

of  5  x  10  mm.  Hg  to  obtain  rumpling  in  iodide  zirconium. 

(19) 

A  recent  work  by  Nagasaki  and  Kawasaki  on  the  effects  of 

hydrogen  on  zirconium  showed  an  acicular,  needle-like  microstructure 

in  both  furnace-cooled  and  water-quenched  specimens  of  zirconium- 

hydrogen,  and  a  rumpled  surface  on  a  prepolished  surface  that  had 

been  cooled  from  above  the  transformation  temperature. 

(20) 

Slattery  and  Springfields  obtained  a  martensitic  structure 
on  cooling  alloys  of  zirconium-2.  5  pet.  niobium:  "alpha  was  present 
as  long  acicular  needles  in  the  martensitic  matrix  and  also  as  a 
grain  boundary  rim".  Cooling  at  rates  of  less  than  l00°C/sec. 
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resulted  in  a  two-phase  structure  of  fine  beta  niobium  in  an  alpha 
matrix. 

(21) 

Murakami  and  Enjyo  ,  water  quenching  zirconium-niobium 
alloys  from  the  beta  field  after  holding  for  several  hours  at  temperature, 
found  the  microstructures  showed,  "retained  beta,  martensite  structure, 
omega  phase  (transition  phase)  or  a  mixture  of  them".  The  quantity 
of  martensite  (acicular  structure)  decreased  with  increasing  niobium 
content  until  complete  beta  structure  was  retained  in  samples 
containing  over  seven  pet.  niobium.  Furnace  cooling  alloys  from 
the  beta  field  resulted  in  a  Widmanstatten  structure,  which  decreased 
in  amount  with  increasing  niobium  content. 

E.  EFFECT  OF  COOLING  RATE  ON  THE  TRANSFORMATION 

(l)  (22)  (23) 

Hayes  and  Kaufmann  ,  Duwez  ,  and  Bostrum  all 

observed  a  lowering  of  the  transformation  temperature  with  increased 

cooling  rates. 

Duwez  employed  a  gas  quenching  unit  to  quench  samples  of 

-5 

iodide  zirconium  in  a  vacuum  of  10  mm.  Hg.  Results  showed  a 

o  o 

decrease  in  transformation  temperature  from  865  C  to  about  850  C 

(despite  appreciable  scatter),  corresponding  to  an  increase  in  cool- 
o  o 

ing  rate  from  100  C/sec.  to  10,000  C/second,  Duwez  did  not  obtain 

o 

a  sharp  critical  rate  but  found  it  occurred  at  approximately  200  C /second. 
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Hayes  and  Kaufmann,  by  high  speed  thermal  analysis,  and  by 

resistivity  measurements,  observed  a  depression  of  transformation 

of  36°C  at  cooling  rates  of  1000  C/sec.  ;  in  addition,  these  authors 

o 

reported  an  equilibrium  transformation  temperature  of  845  C.  They 
concluded  that  the  lower  equilibrium  temperature  and  the  greater 
depression  of  transformation,  compared  to  the  results  of  Duwez,  was 
the  result  of  oxygen  and  nitrogen  contamination. 

Bostrum  observed  a  10°  to  15°C  lowering  of  the  transformation 
temperature  with  increased  cooling  rates.  Bostrum  also  observed 
anomalous  variations  of  the  transformation  temperature  with  both 
the  time  and  temperature  of  holding  in  the  beta  region  prior  to 

o 

quenching:  the  start  of  transformation  was  raised  as  much  as  50  C 

o 

for  a  holding  temperature  of  1250  C  (this  effect  was  reversible,  since 
holding  at  lower  temperatures  in  the  beta  region  removed  the  effect 
of  the  previous  higher  temperatures).  Bostrum  also  noted  that 
increasing  the  impurity  content  resulted  in  a  lowering  of  the  transform¬ 
ation. 

(24) 

Fulmer  Research  Institute  reported  no  difference  in  the 

transformation  temperatures  of  iodide  (100  ppm  oxygen)  and  sponge 

(1000  ppm  oxygen)  zirconium.  They  reported  a  critical  rate  of  200  C/sec. 

and  found  the  transformation  temperature  was  dependent  on  the 

o 

cooling  rate,  with  a  continual  depression  from  200  C /second  to 
5000  C/second.  The  transformation  temperature  was  depressed 
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o  o 

82  C  at  cooling  rates  of  5000  C /second. 

(2) 

Ful  mer  Research  Institute  also  investigated  the  effect  of 
cooling  rates  on  the  transformation  temperature  in  binary  alloys  of 
zirconium-3,  8.2,  and  10  at.  pet.  niobium.  In  each  alloy  they  found 
a  dependence  of  transformation  temperature  on  cooling  rate  and  a 
depression  of  transformation  temperature  with  increasing  niobium 
content. 

(20) 

G.  Slattery  and  R.  Springfields  are  investigating  the  effect 
of  cooling  rate  on  alloys  of  zirconium-niobium.  To  date  they  have 
noticed  a  depression  of  the  transformation  with  increased  cooling 
rate  in  both  zirconium-l  pet.  niobium,  and  zirconium-2.  5  pet. 
niobium,  and  a  dependence  of  transformation  temperature  on  the 
soaking  temperature  prior  to  quenching.  They  also  noticed  two 
transformation  points  in  both  the  2.  5  and  l  pet.  alloys. 

F.  TRANSFORMATION  MECHANISM 

Many  investigators  have  claimed  that  pure  zirconium  under¬ 
goes  the  beta  to  alpha  transition  by  a  "martensitic  process".  It  is 
difficult  to  obtain  an  experimental  criterion,  or  for  that  matter^  a 
precise  definition  of  a  martensitic  process.  One  popular  definition 

is  that  the  transformation  is  diffusionless,  taking  place  by  systematic 

,  ,  (25) 

shearing  of  atom  planes  from  their  old  to  their  new  positions 

An  experimental  criterion  that  may  reveal  a  martensitic  reaction  is 
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rumpling  of  a  polished  surface  that  has  been  cooled  from  the  high 
temperature  phase. 

(1) 

Hayes  and  Kaufmann  studied  the  alpha  to  beta  transformation 
to  determine  whether  it  was  nucleation  and  growth  by  diffusion  or 
martensitic:  they  were  unable  to  reach  any  conclusions. 

Burgers  ,  using  x-ray  crystallographic  methods, 

determined  the  orientation  of  the  new  phase  with  respect  to  the 
parent  phase  at  the  transition  temperature.  He  showed  that  the 
transformation  could  occur  by  shear  along  a  (112)  plane  of  the  beta 
phase  parallel  to  a  [ill]  direction  on  this  plane,  and  predicted  a 

/  7g\ 

(112)  habit  plane  for  the  transformation.  In  a  later  publication' 

Burgers  and  Van  Amstel  confirmed  the  orientation  studies  by  electron 

(15)  (29) 

microscopy.  The  Burgers'  habit  plane  has  been  disputed  J 
by  various  investigators. 

(21) 

Murakami  and  Enjyo  report  that  the  quenched  structure 
of  zirconium-niobium  is  a  close-packed  hexagonal  crystal  differing 
only  slightly  from  the  alpha  phase  in  parameter.  These  authors 
believe  the  transformation  is  martensitic,  and  their  x-ray  studies 
showed  that  on  heating,  the  martensitic  structure  decomposed  to 
alpha  and  beta  phases. 

(30) 

Komar  and  Shrednik  studying  the  transformation  by 
electron  field  emission  microscopy  came  to  the  conclusion  that 
"the  polymorphic  transformation  of  zirconium,  in  the  case  of 
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crystallites  with  linear  dimensions  of  the  order  on  a  micron,  takes 
place  by  a  diffusionless  mechanism  through  the  crystallites".  They 
also  confirmed  the  orientation  relationships  between  alpha  and  beta 
lattices  previously  determined  by  Burgers. 

(9) 

Squire  and  Kaufmann  deduced  that  the  transformation  was 
a  "second  order"  phase  transformation,  as  a  result  of  the  continuous 
nature  of  the  transition  in  their  magnetic  susceptibility  curves. 
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EXPERIMENTAL 


A,  Alloy  preparation 

For  this  work  iodide  zirconium,  niobium,  and  zirconium- 
dioxide  were  obtained.  Appendix  I  lists  the  form,  purity,  and 
supplier  of  these  high  purity  materials. 

The  zirconium  rod  was  machined  to  one-half  inch  diameter 
to  remove  the  outer  crystal  structure,  and  was  cut  into  3/4  inch 
lengths.  Each  piece  was  machined  to  the  shape  of  the  levitation 
coil,  drilled  (for  purposes  of  alloying),  and  cleaned  in  acetone 
before  melting. 

Ingots  of  zirconium-niobium  were  made  by  combining 
calculated  amounts  of  zirconium  and  niobium  and  levitation-melting. 
For  the  zirconium-niobium-oxygen  alloys,  master  zirconium- 
niobium  alloys  were  first  prepared,  and  appropriate  quantities  of 
ZrC>2  were  inserted  and  sealed  in  holes  drilled  in  the  masters. 

The  composite  was  then  levitated. 

Conventional  melting  techniques  were  followed,  employing 

,  (31) 

a  water  cooled  copper  levitation  coil  .  The  levitation  unit  was 

-1 

evacuated  to  5  x  10  mm.  Hg  and  flushed  several  times  with  high 
purity  argon.  The  alloys  were  melted  under  a  positive  pressure  of 
argon,  corresponding  to  900  mm.  Hg.,  The  molten  alloys  were 
thoroughly  mixed  by  the  eddy  current  effect,  and  were  cast  into 
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specially  shaped  split  copper  molds  so  that  additional  machining  of 
the  master  alloys  would  not  be  necessary.  Figure  l  is  a  photograph 
of  the  levitation  unit. 

A  total  of  fifteen  ingots  was  levitation  melted.  Of  these,  six 
were  binary  zirconium -niobium  alloys  and  the  remaining  nine  were 
zirconium-niobium-oxygen  alloys.  Most  of  the  ingots  weighed  be¬ 
tween  six  and  seven  grams. 

All  alloys  were  melted  two  or  three  times.  No  serious 
difficulties  were  encountered  in  melting  after  it  was  found  that  the 
crystalline  surface  had  to  be  removed  from  the  zirconium  rod  and 
the  specimen  suitably  shaped  before  melting.  Attempts  to  levitate 
the  crystalline  zirconium  rod  resulted  in  shorting  between  the 
specimen  and  the  coil,  preventing  levitation. 

After  melting,  the  ingot  weight  was  checked  against  the  char 
weight.  The  very  small  losses  indicated  that  the  nominal  comp¬ 
ositions  prepared  were  close  to  the  true  values,  with  a  maximum 
weight  loss  of  0.08  percent. 

Hardness  measurements  taken  after  one,  two,  and  three 
melting  processes  showed  very  little  variation,  and  metallographic 
examination  of  the  ingots  showed  a  uniform  structure  with  no 
unalloyed  material.  One -half  of  each  ingot  containing  oxygen 
together  with  other  selected  ingots  were  sent  to  Atomic  Energy  of 
Canada  Ltd.  for  analysis. 
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FIG,  1,  Levitation  melting  unit. 
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The  nominal  compositions  prepared  were:  zirconium-0 . 25 
1.0,  2.5,  3.0,  5.0  pet.  niobium;  zirconium-1000,  2000,  3000  ppm 
oxygen;  zirconium-1  pet.  niobium-1000,  2000  ppm  oxygen;  zirconium- 
2.  5  pet.  niobium-1000,  2000  ppm  oxygen,  and  zirconium-5  pet, 
niobium-1000,  2000  ppm  oxygen.  * 

B.  Apparatus 

A  gas  quenching  apparatus  was  used  to  obtain  the  rate  data. 

The  gas  quenching  unit  is  a  modification  of  the  original  used  by 
(32) 

Greninger  in  1942  to  investigate  the  transformation  in  steels. 

Due  to  the  "gettering"  nature  of  zirconium  and  its  alloys,  a 

high  vacuum  was  necessary  in  the  quench  unit.  So  that  several 

specimens  might  be  quenched  daily,  it  was  necessary  that  a  high 

vacuum  be  attained  in  a  minimum  time:  the  quench  unit  used  attained 

-7 

a  vacuum  of  better  than  4  x  10  mm  Hg  in  less  than  15  minutes,  as 
measured  by  a  Balzers  hot  cathode  ionization  gauge  type  J.  M.  G.  I.  . 

The  vacuum  system  consists  of  a  150  litre/sec.  mechanical 
pump  backing  a  two  inch  65  litre/sec.  fractionating  oil  diffusion  pump. 
An  Edwards  liquid-nitrogen  trap  between  the  vacuum  chamber  and  the 
diffusion  pump  prevented  organic  vapor  from  entering  the  vacuum 
chamber.  Figure  2  shows  a  line  diagram  of  the  vacuum  system. 


*  All  compositions  are  reported  in  terms  of  weight  percent. 
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MECHANICAL 

PUMP 


FIG,  Z.  Line  diagram  of  vacuum  system. 
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The  vacuum  chamber,  figure  3,  consists  of  a  bell  jar 
sealed  with  an  "L"  ring  gasket  to  a  finely  machined  stainless  steel 
base  plate.  All  terminals  and  connections  are  made  through  the 
steel  plate,  and  are  either  welded  or  "O"  ring  sealed.  The  plate 
is  separated  from  the  pumping  system  by  a  two  inch  "Speedivalve" . 
Within  the  vacuum  chamber  are: 

(a)  a  specimen  holder, 

(b)  two  high  current  electrodes  to  conduct  current  to  the  heating  coil, 

(c)  a  vacuum  gauge  head, 

(d)  a  roughing  line, 

(e)  a  quenching  jet, 

(f)  a  kovar  glass -metal  seal  to  bring  the  thermocouple  leads  into 
the  vacuum  chamber,  where  they  are  connected  to  the  specimen 
thermocouple  by  a  Jones  connector. 

The  furnace  consists  of  one  turn  of  0,  02  inch  diameter 
tungsten  wire.  It  is  supported  by  two  brass  electrodes  that  pass 
through  the  base  plate.,  and  is  energized  by  a  33  VA-110  volt 
primary-15  volt  secondary  transformer,  fed  by  power  from  a 
zero  to  one -hundred -and -forty  volt  Variac  variable  transformer. 

The  tungsten  coil  is  initially  outgassed  by  heating  the  coil  to  2000°C 
or  higher  for  over  one  hour. 

The  specimen  is  held  inside  or  above  the  furnace,  supported 
by  a  thermocouple  attached  to  the  specimen.  The  thermocouple 
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FIG,  3.  Schematic  drawing  of  gas  quenching  apparatus. 
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FIG.  4.  Photograph  of  gas  quenching  apparatus. 


passes  through  a  holder,  which  is  supported  by  a  brass  column  in 
the  chamber.  Below  the  specimen  is  a  convergent-divergent 
nozzle,  which  passes  through  the  base  plate  and  terminates  at  an 
"Asco"  solenoid  valve,  which  is  designed  for  a  pressure  differential 
of  200  psi.  The  valve  is  connected  by  a  vacuum  line  to  a  regulated 
high  pressure  helium  or  argon  bottle,  and  is  opened  and  closed  by 
a  switch  from  a  110  volt  source.  The  line  between  the  bottle  and  the 
valve  is  always  maintained  at  a  positive  pressure. 

C.  Recording  Apparatus 

A.  Tektronix  type  502  oscilloscope  is  used  to  record  the 
cooling  curves.  The  time  and  voltage  ranges  of  the  oscilloscope  are 
5  seconds/cm.  to  l  microsecond/cm.  and  200  microvolts  to  50 
volts /cm.  respectively.  The  oscilloscope  has  a  Polaroid  Land 
Camera  attachment  for  photographing  the  oscilloscope  trace. 

A  Leeds  and  Northrup  potentiometer  that  can  be  read  to 
0.  025  millivolts  is  connected  to  both  the  thermocouple  and  the 
oscilloscope  to  calibrate  the  voltage  scale  on  the  oscilloscope.  The 
cold  junction,  held  at  room  temperature,  is  measured  with  a 


calibrated  thermometer. 


■ 
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D.  Specimen  Preparation 

The  specimens  were  prepared  by  drilling  a  hole  0.  024  inch 
in  diameter  into  a  small  piece  of  the  alloys.  A  thermocouple  bead 
was  then  inserted  and  the  alloy  punched  to  hold  the  thermocouple 
rigidly.  The  specimen  was  then  filed  with  a  tungsten  file  to  a 
smaller  size  and  cleaned  in  acetone  before  mounting. 

Platinum  -platinum/10  pet.  rhodium  and  more  usually 
Chromel-P-Alumel  thermocouples  were  used.  A.  quartz  and  an 
alundum  support  were  tried  in  the  vacuum  system  to  support  the 
specimen  and  thermocouple.  Since  the  alundum  support  proved  more 
satisfactory  than  the  quartz,  it  was  used  for  most  experiments. 

E.  Quenching  Method 

When  a  specimen  was  mounted,  the  vacuum  chamber  was 
evacuated  to  a  pressure  of  5  x  10  ^  mm.  Hg,  flushed  with  argon  or 
helium  several  times  and  re -evac uated .  The  specimen  was  raised  to 
temperature  by  increasing  the  voltage  to  the  furnace.  A.  reference 
temperature  on  the  oscilloscope  grid  was  calibrated  with  the 
potentiometer. 

A  cooling  curve  of  thermocouple  e.  m.  f.  vs  time  was 
obtained  by  opening  the  camera  shutter,  prior  to  cooling  the  specimen, 
and  holding  the  shutter  open  for  the  duration  of  the  experiment. 


:r 
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For  fast  cooling  rates  the  procedure  was  to  simultaneously 
shut  off  the  current  to  the  furnace  and  open  the  solenoid  valve  to  the 
helium  gas  supply. 

To  obtain  a  range  of  rates  with  the  same  specimen,  argon 

and  helium  gases  were  used  at  different  pressures;  specimens  were 

cooled  in  vacuum  by  turning  off  the  Variac  at  different  speeds;  and 

the  distance  of  the  specimen  from  the  quenching  nozzle  was  varied. 

The  soaking  temperature  and  soaking  times  were  varied  for 

several  runs.  However,  the  majority  of  specimens  were  quenched 
o 

from  990T10  C  after  a  soaking  time  of  thirty  to  sixty  seconds, 

F.  Polishing 

Several  specimens  were  polished  prior  to  quenching  to  see 
if  the  surface  rumpled  as  a  result  of  the  phase  transformation. 
Examination  of  the  quenched  surface  was  accomplished  with  the 
aid  of  a  specially  made  holder,  which  consists  of  a  ball  bearing 
mounted  in  a  levelling  frame.  When  the  specimen  is  attached  to 
the  ball,  the  specimen  can  be  tilted  in  any  direction  to  obtain  a  plane 
surface  under  the  microscope  (figure  5). 

Metallographic  samples  of  transformed  alloys  were 
prepared  by  mounting  the  specimens  in  a  steel  clamp  and  polishing 
with  l  micron  "Metadi"  abrasive  and  etching  in  a  solution  containing 
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FIG,  5.  Levelling  device  for  examining  quenched  surfaces  under  the 
microscope. 
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30  volumes  of  glycerine,  10  volumes  of  concentrated  nitric  acid, 
and  12  volumes  of  48  pet.  hydrofluoric  acid. 

G,  Hardness  Measurements 

Hardness  measurements  of  the  as-cast  alloys  were  made 
with  a  "Rockwell"  hardness  machine  using  the  Rockwell  A  scale. 
Attempts  to  take  the  microhardness  of  alloys  after  quenching  proved 
to  be  unsuccessful  because  the  alloys  smeared  on  the  diamond  of  the 
indentor,  which  could  only  be  cleaned  with  great  difficulty. 
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Figure  6  shows  that  two  recalescence  phenomena  are 
recorded  on  one  cooling  curve.  Where  this  phenomena  is  encount¬ 
ered  both  points  are  plotted  on  the  transformation  temperature 
vs  cooling  rate  curves;  the  first  point  is  designated  the  upper 
transformation,  and  the  second  point  is  designated  the  lower 
transformation. 

Figure  7  shows  the  results  of  hardness  measurements  on  the 
as-cast  alloys. 

The  rate  data  obtained  on  all  specimens  are  recorded  in 
Table  II,  Appendix  II.  The  transformation  temperatures  have  an 
estimated  experimental  accuracy  of  10°C ,  and  the  cooling  rates,  over 
5000°C / second.  ,  are  estimated  to  be  accurate  to  200°C/sec.  Figures 
8  to  13  inclusive  were  constructed  from  the  data  in  Appendix  II,  * 

Figure  14  (which  was  constructed  from  the  transformation 
temperature  vs  cooling  rate  curves),  shows  a  linear  relationship 
between  the  transformation  temperature  and  the  niobium  content. 

Figure  15  summarises  the  transformation  temperature  data 
for  all  alloys  with  oxygen  additions. 

Figures  17  to  29  show  the  microstructures  of  a  few 
representative  samples  that  were  polished  prior  to  quenching,  and 
polished-quenched-and  repolished  and  etched. 

*  All  points  plotted  in  figures  8  to  13  refer  to  the  lower  transformation 
unless  otherwise  stated. 


;  -  •  v  r  ■  ■  :  ■  ■■■■'  •'  ■  '  :  ■'  ... 

■  '  1  :  ,  .  •  ■  . 

■■■  ’ 4 '  :  -V'  l  V  r  i  ■■  .  1:  ■ .  ■  '  ?  t  IV  f  ■  .V;  \  ”  "  000  : ' 

.. 

v  .  ■  ■  •  .  :  . 

•  ...  .  (  .  . 

jV;  ■  :  ^  i~{  ,  ;  ;. 

:  "V  •  '  -  ..  •  ■■  ..  ;  ./  ,,  j 

■, 3 ■}  t  «v'.i'v  vS  m  fl 

?  ot 

-  1  ■  I  "  i  ■  ■ .  fp  .  , 


'  ■:  .  •  :  '■  i  :  «  V  V,;g  V'  . 


V  ■„  r  \  '  : 

■  »  $ 


27 


FIG.  6  (b).  Cooling  curve  showing  two  transformations. 
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HARDNESS  Vs.  NIOBIUM  CONTENT 
FOR  VARIOUS  OXYGEN  CONTENTS 
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FIGURE  7 


TRANSFORMATION  TEMP.  Vs.  COOLING  RATE 
IN  PURE  ZIRCONIUM 
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COOLING  RATE  C/sec. 
FIGURE  10 


TRANSFORMATION  TEMP.  VS.  COOLING  RATE 
IN  ZIRCONIUM  -  1  Pet.  NIOBIUM  -  OXYGEN  ALLOYS 
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TRANSFORMATION  TEMP  VS  COOLING  RATE 
IN  Zr  -  5%  Nb-O  ALLOYS 
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TRANSFORMATION  TEMP.  IN  Zr-Nb  ALLOYS 

Vs. 

OXYGEN  CONTENT 


OXYGEN  CONTENT  (ppm) 
FIGURE  15 
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FIG,  17,  Pure  zirconium,  polished  and  transformed 
from  990°C  at  l500°C/sec„  ,  x  300, 


FIG,  18.  Pure  zirconium,  polished  and  transformed 
from  990°C  at  20000°C/sec.  ,  x  150.  (Shows  martensite 
plates  at  one  end  of  the  specimen.  ) 


FIG.  19.  Zr-1000  ppm  O,  polished  and  transformed 

from  990°C  at  400°C/sec.  ,  x  75.  (shows  a  rumpled  surface). 


FIG.  20.  Same  specimen  as  in  fig.  19,  polished 
and  etched,  x  150. 


FIG.  21.  Zr-2000  ppm  O,  polished  and  transformed 

from  990°C  at  l500°C/sec.  ,  x  150. 


FIG.  22.  Zr-3000  ppm  O,  polished  and  transformed 

at  3600°C/sec.  ,  x  150. 


FIG.  23.  Zr-l%Nb^  polished  and  transformed 
from  990°C  at  2000  C/sec.  ,  x  150. 


FIG.  24.  Same  sample  as  in  fig.  23,  polished 
and  etched,  x  150, 
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FIG.  25.  Z  r -1%  Nb -1  000 ppm  O,  polished  and  transformed 
from  990°C  at  2000°C/sec.  ,  x  150.  (Shows  acicular 
structure  adjacent  to  contaminated  structure  which  is 
adjacent  to  the  thermocouple). 


FIG.  26.  Z r-l%  Nb  -1000  ppm  O,  transformed,  polished 
and  etched,  x  150.  (Quenched  from  990°C  at  500°C /sec.  ). 
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FIG.  27.  Zr-2.5%Nb,  polished  and  transformed 

from  990°C  at  75°C/sec,,  x  75. 


FIG.  28.  Same  sample  as  in  fig.  27,  polished  and 
etched,  x  200. 
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FIG.  29.  Same  structure  as  in  fig,  25,  x  650, 
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DISCUSSION 
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Although  there  is  appreciable  scatter  in  the  transformation 
temperatures  for  certain  alloys,  the  ingots  are  assumed  to  be 
homogeneous  since  hardness  measurements  on  as -cast  alloys  showed 
very  little  scatter,  and  that  scatter  can  probably  be  attributed  to  the 
orientation  sensitivity  of  hardness  measurements.  In  addition,  the 
microstructures  of  the  as -cast  alloys  showed  no  unalloyed  material 
(figures  30  to  33,  Appendix  III).  A  single  specimen  gave  reproducible 

_7 

results  which  leads  to  the  conclusion  that  a  vacuum  of  5  x  10  mm.  Hg 

with  a  cold  trap  between  the  pumping  and  vacuum  systems,  is  sufficient 

to  prevent  specimen  contamination.  In  contrast  to  the  reproducible 

results  in  this  vacuum,  a  scatter  of  130°C  in  the  transformation 

temperature  was  recorded  in  a  specimen  cycled  through  the  transform- 

-5 

ation  seven  times  in  a  vacuum  of  5  x  10  mm.  Hg:  it  is  thought  this 
scatter  is  due  to  oxygen  contamination  (Table  XI,  Appendix  II). 

Alloys  containing  oxygen  were  found  to  be  pyrophoric  during 

! 

grinding,  and  progressive  oxygen  additions  embrittle  the  alloys  until  a 
composition  is  reached  where  deformation  is  impossible.  A  pure 
zirconium  sample  deformed  easily  and  often  emitted  a  creaking  sound 
(which  can  probably  be  attributed  to  twinning),  whereas  a  sample  of 
zirconium-3000  ppm  oxygen  cracked  rather  than  deformed  (as  does  the 
zirconium-5  pet.  niobium-2000  ppm  oxygen).  Thus  specimens  could 
not  be  made  from  these  alloys. 
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Figures  8  to  13  show  the  effect  of  cooling  rate  on  the  transform¬ 
ation  temperature  in  all  the  alloys  studied,  for  a  holding  time  of 
approximately  one  minute  at  990°C.  In  each  of  the  alloys  examined, 
except  the  zirconium-5  pet.  niobium  alloy,  there  is  a  critical 
cooling  rate  beyond  which  there  is  no  depression  of  the  transformation 
temperature*.  The  shape  of  the  transformation  temperature  vs  cooling 
rate  curves  is  the  same  as  that  given  to  athermal  martensites,  start¬ 
ing  at  a  well  defined  temperature,  which  cannot  be  suppressed  even 
with  rapid  quenching.  In  the  five  percent  alloy  there  appears  to  be  a 
dependence  between  transformation  temperature  and  cooling  rate  over 
the  entire  range  studied. 

Most  alloys  were  investigated  at  cooling  rates  up  to  3500°C/sec. 

o 

but  pure  zirconium  was  studied  at  rates  up  to  35,000  C/second.  Since 

pure  zirconium  showed  no  depression  of  transformation  temperature 

between  200  and  35, 000  C/sec.,  and  did  not  display  both  the  massive 

(33) 

and  martensite  characteristics  reported  by  Swanson  and  Parr  for 
iron  and  iron-nickel  alloys,  the  alloyed  specimens  were  only  studied 
at  the  slower  cooling  rates. 

*  Unless  otherwise  stated  "transformation  temperature"  refers  to 
the  second,  or  lowest  recalescence  phenomenon  observed  on  the 
cooling  curves. 


£■•  -i  *  '70  oou'x  phiJooo  lo  Vis  ••;:{*  v/oJa  '■  !'  o.t  j  gri 


' 


i  S'"',  ha  i  .  nawc  jioqatt  ov.-fo  ■•_  •■ionsti.Gm  bnj* 


47 


The  equilibrium  temperature  for  pure  zirconium  agrees 

with  the  accepted  value  of  862  C.  However  a  constant  transformation 

temperature  of  821°C,  for  rates  greater  than  the  critical  cooling 

(22) 

rate,  was  obtained.  In  comparison,  Duwez  ,  and  Fulmer  Research 

Institute^^  found  a  dependence  of  transformation  temperature  on 

cooling  rate.  Fulmer  Research  Institute  observed  the  greatest 

depression  of  transformation  temperature  (86°C  at  10 , 000°C  /  sec.  ) , 

(23) 

Bostrum  ,  and  Duwez  both  obtained  a  10  to  15°C  lowering  of  the 
transformation  temperature,  whereas  the  present  results  show  a 
depression  of  41°C  from  the  equilibrium  value. 

Figure  14  shows  a  plot  of  transformation  temperature  vs  niobium 
content,  which  is  linear  to  the  nearest  approximation.  The  transform¬ 
ation  temperature  decreases  from  821°C  for  pure  zirconium  to  550°C 
for  zirconium-5  pet.  niobium.  This  is  characteristic  of  the  vast 
majority  of  martensite  reactions,  in  which  increasing  solute  content 

lowers  the  Mg  temperature.  The  transformation  temperatures  are 

(34) 

shown  plotted  on  a  zirconium-niobium  phase  diagram  in  figure  34. 
Figure  34  shows  that  the  pure  zirconium  transformation  temperatures  are 
supercooled  4tPc,  and  the  zirconium-5  pet.  niobium  transformation 
temperatures  are  supercooled  200°C.  The  transformation  temperatures 
are  nearly  parallel  to  the  solvus  line  on  the  equilibrium  diagram,  which 
indicates  there  is  a  possibility  that  the  arrests  observed  are  due  to  the 
transformation  from  the  ^  to  phases.  The  fast  rates  (compared 

to  the  equilibrium  rates)  could  cause  the  observed  lowering  of  the  solvus 
line,  if  it  is  the  solvus  line  that  is  recorded  on  the  cooling  curves. 
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The  effect  of  oxygen  on  the  transformation  temperature  is 
surprising:  1000  ppm  oxygen  raises  the  transformation  temperature 
48°,  65°,  50°,  and  20°C  in  pure  zirconium,  zirconium-1.0,  2.5,  and 
5.  0  pet.  niobium  respectively;  2000  ppm  oxygen  lowers  the  transform¬ 
ation  temperature  33°C  in  zirconium  and  35°C  in  zirconium-1  pet. 
niobium,  from  the  value  with  1000  ppm  oxygen. 

The  observed  effects  of  oxygen  on  the  transformation  temperature 
may  help  in  the  interpretation  of  previous  investigations:  oxygen  conc¬ 
entrations  up  to  2000  ppm  raise  the  transformation  temperatures,  and 
it  is  conceivable  (from  figure  15)  that  an  oxygen  concentration  in  excess 
of  2500  ppm  may  lower  the  transformation  temperature.  It  would  be 
presumptuous  at  this  point  to  do  other  than  mention  this  point  as  a 
possibility,  since  a  larger  range  of  oxygen  concentrations  was  not 
included  in  the  study. 

The  time  of  holding  a  specimen  at  990°C  prior  to  quenching  had 
no  effect  on  the  transformation  temperature  for  holding  times  between 
one  and  fifteen  minutes.  If  a  zirconium  or  zirconium-oxygen  specimen 
was  held  at  990°C  for  five  minutes,  or  longer,  the  specimen  was  prone 
to  melt  off  the  thermocouple  (the  melting  point  of  pure  zirconium  is 
1845°C  and  oxygen  additions  raise  the  melting  point).  Holding  a 
zirconium  specimen  thirty  to  sixty  seconds  at  temperatures  of  860°, 

890°,  and  915°C  prior  to  quenching  resulted  in  much  more  scatter  in 
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transformation  temperatures  than  in  those  quenched  from  990°C;  it 
appears  that  insufficient  time  was  allowed  for  the  specimens  to  attain 
equilibrium  conditions  at  these  temperatures  prior  to  quenching.  The 
average  transformation  temperature  for  specimens  quenched  from 
these  temperatures  was  830°C,  which  was  lowered  to  less  than  700°C 
with  increased  holding  times  in  the  beta  phase.  Holding  specimens  short 
times  at  temperatures  of  1200°C,  and  higher,  resulted  in  the  specimens 
melting  away  from  the  thermocouple  in  the  same  manner  as  prolonged 
holding  at  990°C. 

The  upper  transformation  was  observed  in  all  of  the  alloys 
studied.  However,  the  method  of  studying  only  a  desired  portion  of  the 
cooling  curve  (to  obtainc  greater  accuracy  in  the  transformation 
temperature)  prevented  inclusion  of  the  upper  transformation  on  many 
of  the  cooling  curves.  The  double  transformation  was  first  noticed 
in  conjunction  with  a  "contaminated"  surface  in  a  sample  of  pure 
zirconium  quenched  in  a  vacuum  of  5  x  10““*  mm.  Hg  (figure  35).  This 
transformed  and  polished  sample  shows  a  ring  of  structure  around 
the  thermocouple  which  is  dissimilar  to  the  matrix.  Specimens  with 
Chromel-P-Alumel  thermocouples,  and  with  platinum-platinum/ - 
rhodium  thermocouples  showed  identical  contaminated  structures  when 
quenched.  Hardness  measurements  taken  on  a  contaminated  surface 
showed  a  hardness  increase  of  20  VPN  points  in  the  dark  ring  of 
material,  over  the  hardness  of  the  surrounding  matrix.  Temperature 
measurements  taken  in  boiling  water  with  an  ordinary  thermocouple 
and  with  a  thermocouple  attached  to  a  transformed;  specimen  (with  a 
contaminated  surface  gave  exactly  the  same  readings,  indicating 
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FIG.  34.  Zirconium-niobium  phase  diagram,  with 
transformation  temperatures  plotted. 


FIG.  35.  Pure  zirconium,  quenched  in  a  vacuum 
of  5  x  10 ~5  mm  Hg  (shows  a  ring  of  contaminated 
structure  around  the  thermocouple). 
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that  the  contamination  did  not  affect  the  response  of  the  thermocouple. 

Improving  the  ultimate  vacuum  of  the  system,  and  installing 
a  cold-trap,  removed  the  presence  of  the  unknown  structure  in  pure 
zirconium  but  the  upper  transformation  remained  on  the  cooling  curves. 
A  similar  alloyed  structure  was  noticeable  in  alloys  with  niobium  and 

oxygen  additions  with  the  improved  vacuum. 

(22) 

Duwez  reported  two  thermal  arrests  in  titanium,  and  one 
in  zirconium,  and  suggested  that  the  oxygen  contaminated  case  around 
the  specimen  undergoes  the  beta  to  alpha  transformation  at  temp¬ 
eratures  greater  than  the  normal  transformation  temperature  causing 
the  upper  arrest;  the  lower  arrest  occurs  when  the  bulk  of  the 

specimen  goes  through  the  transformation.  The  results  of  Duwez 

(35) 

have  recently  been  repudiated  by  Bibby  and  Parr  ,  who  maintain 
the  upper  transformation  (in  titanium)  is  due  to  alloying  between  the 
Chromel-P-Alumel  thermocouple  and  the  specimen,  Bibby  and  Parr 
find  that  specimens  with  platinum -platinum /rhodium  thermocouples 
exhibit  but  one  transformation.  However,  these  authors  also  find  that 
the  lower  transformation  occurs  at  the  same  temperature  with  both 
types  of  thermocouple. 

In  the  present  case,  the  explanation  proposed  by  Duwez  cannot 
be  accepted.  Upper  transformation  temperatures  are  reproducible 
on  cycling  a  specimen  through  the  transformation  temperature,  and 
a  2000-fold  increase  in  specimen  volume  does  not  affect  the  temperature 
of  transformation  (as  would  be  expected  if  the  transformation  was 
due  to  oxygen  contamination  at  the  specimen  surface). 
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The  upper  arrest  is  not  as  sensitive  to  alloy  additions 
as  the  lower  arrest,  occurring  in  a  50°C  range  around  950°C  for  all 
of  the  alloys  studied.  The  large  amount  of  scatter  and  the  lack  of 
sensitivity  to  alloy  additions  makes  the  possibility  that  the  upper  arrest 
is  due  to  a  second  allotropic  transformation  rather  weak. 

Although  the  upper  arrest  occurs  with  both  Chromel-P- 
Alumel  and  platinum-platinum/ rhodium  thermocouples,  it  is  likely 
due  to  an  alloying  effect  with  the  thermocouples.  Even  if  the  thermo¬ 
couple  is  alloying  with  the  specimen,  it  is  felt  that  the  reproducibility 
of  transformation  temperatures  (with  the  same  specimen),  and  the 
concistent  lower  transformation  temperature  obtained  by  Bibby  and 
Parr,  indicate  that  the  temperatures  recorded  have  not  been  affected. 

The  metallography  carried  out  in  conjunction  with  the  rate 
data  was  complicated  due  to  the  nature  of  zirconium.  Z  irconium  has 
a  tendancy  to  flow  and  smear  during  polishing,  and  mechanical  twins 
and  slip  lines  are  easily  produced  by  both  mounting  and  polishing, 

/  y  L  \ 

The  polish-etch  method  of  sample  preparation  proposed  by  Cairn 

(which  is  said  to  give  true  and  reproducible  metallographic  structures) 

was  used  for  the  sample  preparation  in  this  thesis.  As  seen  in  figure 

33,  slip  is  evident  even  with  this  method  of  preparation,  and  although 

considerable  surface  has  been  etched  away,  there  is  still  evidence 

of  surface  distortion  due  to  polishing.  It  has  been  reported  by  Lustman 
(14) 

and  Kerze  that  improper  polishing  technique  will  accentuate  the 
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Widmanstatten  or  acicular  structure  in  zirconium-oxygen  alloys, 
and  pitting  (which  may  be  mistaken  for  a  second  phase)  will  result 
from  improper  polishing. 

Examination  of  polished  and  quenched  surfaces  under  the 
microscope  presented  some  difficulty:  figures  36  and  37  show  an 
identical  structure  under  different  focus;  one  photomicrograph 
appears  to  contain  striations  whereas  the  other  has  all  the  appear¬ 
ances  of  annealed  zirconium  rod.  It  was  observed  that  if  specimens 
were  not  mounted  with  the  specimen  surface  perpendicular  to  the 
objective,  a  rumpled  appearance  was  given  to  a  flat  surface.  In 
all  studies  of  quenched  surfaces  the  surface  was  manipulated  to 
ob  tain  maximum  light  reflection  (under  the  lowest  power  objective), 
and  it  was  then  assumed  that  the  surface  was  plane;  the  original  or 
flat  portion  of  the  surface  was  then  put  in  focus,  not  the  raised  portion. 

Polished  and  quenched  surfaces  of  pure  zirconium  show  no 
evidence  of  surface  rumpling,  except  in  isolated  cases,  where  one  end 
of  the  specimen  or  an  area  adjacent  to  the  thermocouple  had  a  few 
martensite  plates  (figure  18).  Generally,  pure  zirconium  samples 
had  the  same  appearance  shown  in  figure  17  at  all  rates  of  cooling. 
Progressive  oxygen  additions  in  zirconium  did  not  display  a  trend; 
zirconium -1000  ppm  oxygen  displayed  a  needle-like  structure,  which 
when  polished  had  an  acicular  nature  in  some  grains,  and  no  structure 
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FIG.  37.  Same  sample  as  above  with  focus  changed. 


in  other  grains.  Twins  crossing  an  entire  grain  were  evident  on 


polishing  this  surface,  but  they  may  have  been  due  to  the  polishing. 
Zirconium  -2100  ppm  oxygen  showed  a  structure  similar  to  a  chill- 
cast  alloy  with  no  evidence  of  surface  rumpling;  and  zirconium -30  00 
p|pm  oxygen  alloy  had  a  structure  exactly  like  the  as -cast  structure, 
revealing  large  grains  with  internal  structure  resembling  a  precipitate 
Increasing  niobium  contents,  up  to  five  pet.  ,  results  in  an 
increased  quantity  of  acicular  structure  on  the  prepolished  surfaces, 
which  remains  when  the  surface  is  polished  again.  Twins  were 
evident  in  some  of  the  quenched,  prepolished,  surfaces  containing 
niobium  and  oxygen.  Increasing  the  oxygen  content  in  the  zirconium- 
niobium  alloys  appears  to  increase  the  amount  of  acicular  structure 
evident  on  the  quenched  surfaces,  and  higher  magnification  shows  the 
acicular  structure  to  have  a  basket-weave  appearance  (figure  29). 

The  metallographic  results  indicate  that  pure  zirconium 
does  not  transform  purely  by  a  martensitic  reaction.  Since  surface 
distortion  occurs  only  in  select  areas  of  the  specimens  there  is  a 
possibility  the  shape  change  is  due  to  the  volume  change  on  rapid 
cooling:  first,  contraction  occurs  on  cooling  from  the  beta  phase, 
and  then  expansions  due  to  the  transformation  from  beta  to  alpha  occur 
It  is  more  likely  however,  that  since  the  transformation  in 
zirconium  occurs  at  a  relatively  high  temperature  the  mode  of 
transformation  is  a  combination  of  shear  and  a  normal  growth 
process,  as  evidenced  by  a  surface  that  is  only  partially  rumpled. 
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The  microstructures  of  the  zirconium-niobium  alloys  indicate 
a  tendency  towards  a  martensitic  reaction  in  the  zirconium-l  pet. 
niobium,  and  a  completely  acicular  structure  in  the  zirconium-5  pet. 
niobium  alloy.  The  observed  striations  are  rectilinear  and  nearly 
parallel,  following  well-defined  directions  (figure  26). 

Further  evidence  that  the  structure  is  martensitic  in  the 
niobium  alloys  is  shown  in  figure  38.  Reference  to  this  photograph 
and  the  schematic  drawing  in  figure  39  shows  that  a  straight  scratch 
crossing  a  martensite  needle  remains  straight  with  a  change  in  direction 
only,  which  substantiates  the  hypothesis  that  martensite  forms  as 
plates  with  approximately  plane  interfaces.  A  further  postulate  of  the 
martensite  theory  is  that  no  line  lying  in  the  habit  plane  can  be  rotated 
by  the  shape  strain  accompanying  the  transformation;  this  postulate 
was  tested  by  traversing  a  martensite  needle  (in  a  Zr-5  pet.  Nb  alloy) 
at  high  magnification,  in  so  doing  the  needle  and  matrix  could  both  be 
kept  in  focus  simultaneously,  which  implies  the  absence  of  rotation. 

The  lower  transformation  temperature  of  zirconium-niobium 
alloys  may  be  the  reason  they  transform  martensitically .  Stress 
relaxation  at  the  shear  interface,  which  would  tend  to  make  systematic 
shearing  difficult,  would  be  more  likely  to  occur  at  the  transformation 
temperature  of  pure  zirconium  than  at  the  lower  transformation  temp¬ 
erature  of  the  alloyed  specimens.  It  is  quite  conceivable  that  a 
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FIG.  38.  A  straight  scratch  crossing  a  martensite 
needle,  x  850. 


FIG.  39.  Schematic  drawing  of  a  scratch  crossing 
a  martensite  needle. 
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diffusion -controlled  transformation  could  dominate  at  higher  temp¬ 
erature  and  a  shear  process  at  the  lower  temperature. 

The  shear  transformation  requires  a  larger  nucleation 
energy  than  a  diffusion  transformation;  this  is  usually  attained  by  a 
larger  degree  of  undercooling.  The  progressive  increase  in  the  degree 
of  undercooling  with  progressive  niobium  additions  may  explain  why 
the  reaction  appears  more  martensitic  with  increasing  niobium  content. 

The  fact  that  a  shear  process  is  involved  (evidenced  by  the 
rumpled  surfaces)  does  not  rule  out  the  possibility  of  diffusion 
playing  a  part  in  the  transformation.  The  transformation  in  the 
zirconium-niobium  binary  alloys  could  possibly  be  analogous  to 
the  bainite  transformation  where  both  diffusion  and  shear  are 
operative . 

The  alloys  containing  both  niobium  and  oxygen  additions  also 
show  acicular  microstructures,  and  rumpled  surfaces  in  many  cases. 
Oxygen  is  considered  to  occupy  octahedral  positions  in  the  close- 
packed  hexagonal  lattice  (the  oxygen  is  tightly  bound  since  heating 
zirconium  containing  oxygen  to  the  melting  point,  and  higher,  does 
not  evolve  oxygen).  In  the  high  temperature  body -centered  cubic 
phase  the  interstices  are  much  smaller  than  in  the  hexagonal  close - 
packed  lattice.  Hence  a  large  lattice  strain  probably  occurs  with 
zirconium-oxygen  samples  in  the  beta  phase,  and  oxygen  quite  possibly 
occupies  available  vacancies  rather  than  interstices.  Since  diffusion 

.  (36) 

probably  occurs  by  a  vacancy  mechanism 


it  could  conceivably  be 
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easier  for  the  transformation  to  occur  by  a  shear  process  rather  than 
by  diffusion  when  the  oxygen  is  tying  up  the  vacancies. 

In  connection  with  using  a  rumpled  surface  as  a  criterion 

r  (37) 

erf  a  martensitic  reaction,  it  should  be  mentioned  that  D,  Gomersall 

has  obtained  a  rumpled  surface  indistinguishable  from  a  martensitic 

surface  on  a  Chromel -Alumel  thermocouple  quenched  at  high  rates 

(it  is  very  unlikely  that  this  complex  transforms  martensitically),  and 

on  repolishing  the  surface  found  an  ordinary  surface  with  no 


distinguishing  characteristics. 
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SUMMARY  AND  CONCLUSIONS 


(1)  The  allotropic  transformation  in  zirconium  occurs  at  821  C,  (with 
cooling  rates  greater  than  the  critical  rate)  and  is  lowered  by 
increasing  niobium  additions. 

(2)  Two  transformations  are  evident  in  zirconium,  and  zirconium- 
niobium  alloys:  the  upper  of  the  two  transformations  is  probably 
due  to  the  samples  alloying  with  the  thermocouple  material. 

(3)  Increasing  niobium  content  reduces  the  critical  cooling  rate. 

(4)  The  transition  in  zirconium  and  zirconium-niobium  alloys  (up  to 

5  pet.  niobium)  probably  occurs  by  a  combination  of  diffusion  and 
shear . 

(5)  Oxygen  additions  to  zirconium,  and  zirconium-niobium  alloys 
initially  raise  and  then  lower  the  transformation  temperature. 
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APPENDIX  I 

Form,  Purity  and  Supplier  of  Materials. 
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A.  ZIRCONIUM 

Zirconium  Metal  Crystal  Bar 

Foote  Mineral  Company 
18  W.  Chelten  Avenue 
Philadelphia,  Pennsylvania 

Zr4-Hf  --  99.83%,  guaranteed  99.  6%  minimum 


B.  NIOBIUM 


Electron  Beam  Melted  Niobium  Bar 

Wah  Chang  Corporation 
Box  366 

Albany,  Oregon 

Nb  --  99.  9%.  Major  Impurity:  Ta  --  500  ppm 


C,  ZIRCONIUM-DIOXIDE 


Zirconium-dioxide  Tube 

Zirconium  Corporation  of  America 
Solon,  Ohio 

ZrOz  -- 


99.  5  %  plus  3-5%  CaO 


APPENDIX  II 


EXPERIMENTAL  RATE  DATA  ON  ALL  ALLOYS  STUDIED 
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50 

838;  950 

72 

822;  934 

76 

841 

90 

844 

100 

848 

100 

840 

125 

840 

128 

850 

126 

852;  950 

139 

---;  947 

160 

857 

162 

842;  967 

37  5 

822;  941 

510 

821;  950 

568 

821;  950 

636 

821;  943 

1040 

821 

1050 

820;  951 

1070 

821 

1238 

820 

1260 

820; 

948 

1600 

820; 

950 

247  0 

321; 

949 

2480 

820 

2520 

820 

2650 

821 

3070 

820 

3650 

821 

3825 

836 

3900 

840 

4050 

830 

4450 

803 

4600 

820 

4960 

829; 

929 

5000 

821; 

924 

6000 

820 

6250 

822 

10000 

821 

14360 

821 

transformation  temperatures  and  cooling  rates 


FOR  PURE  ZIRCONIUM 


Rate 

C /s  econd 


T  ransformation 
Temperature  °C 


Rate 

C /second 


T  ransformation 
Temperature  C 


50 


826;  938 


TABLE  I 


67 


TRANSFORMATION  TEMPERATURES  AND  COOLING  RATES 

FOR  PURE  ZIRCONIUM 


Rate 

C / second 

T  ransformation 
Temperature  °C 

19, 800 

820 

24, 800 

821 

25, 200 

821;  939 

35, 000 

821 

68 


TABLE  II 

TRANSFORMATION  TEMPERATURES  AND  COOLING  RATES  FOR 


ZIRCONIUM- 

-1  000  PPM  OXYGEN 

ZIRCONIUM- 

-2000  PPM  OXYGEN 

Cooling  Rate 
o 

C / second 

T  ransformation 

m  O  _ 

Temperature  C 

Cooling  Rate 
C / second 

T  ransformation 
Temperature  °C 

30 

879 

53 

952 

63 

886 

96 

832;  962 

76 

888 

108 

858;  948 

250 

870 

124 

858;  948 

375 

868 

141 

896 

413 

863 

152 

842;  937 

604 

869 

410 

838;  1031 

740 

869 

1000 

833 

750 

870 

2250 

835 

960 

870 

37  50 

841;  930 

1000 

867 

1010 

865 

1500 

86 

1^40 

860  | 

2500 

867 

4000 

865 

4000 

87  0 

4280 

865 

i 

TABLE  III 


TRANSFORMATION  TEMPERATURES  AND  COOLING  RATES  FOR 


ZIRCONIUM  -l  PCT .  NIOBIUM 


Cooling  Rate 
C /second 


64 

73 

73 

78 

78 

90 

110 

IZO 

IZO 

Z50 

485 

7Z0 

960 

IZ00 


T  ransformation 
Temperature  °C 

774 

no 

773 
111 
111 
766 
765 

774 
761 
761 
760 
7  57 
760 


Cooling  Rate  Transformation 


C  /second 
3360 
3600 
36Z5 
4950 
6000 


Temperature  C 
761 
760 
760 
760 
765 


1460 

1500 

1940 

1940 

Z000 

Z400 


767 
761 
765 
765 
?6  5 
765 
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TABLE  IV 


TRANSFORMATION  TEMPERATURES  AND  COOLING  RATES  FOR 


Zr-1  PCT .  Nb- 

-1000  PPM  O 

Zr-l  PCT, 

Nb-2000  PPM  O 

Cooling  Rate 

C  / second 

T  ransformation 
Temperature  C 

Cooling  Rate  Transformation 
°C/second  Temperature  °C 

% 

839;  956 

46 

852;  977 

75 

834;  961 

52 

897 

16 

841;  950 

59 

852 

250 

818 

62 

867 

498 

815 

65 

860 

500 

818;  931 

67 

854 

500 

815 

69 

867 

590 

---;  937 

75 

855 

630 

815 

125 

820 

160 

821;  937 

344 

783 

1300 

816 

542 

791 

1520 

818;  937 

625 

783 

2000 

816 

690 

805 

2067 

815 

1000 

776 

2480 

00 

1000 

779 

4000 

816 

1240 

776 

12,  000 

816 

1245 

762 

00  OJ 

.r  flNMNOM.  ..  ,r Uw  . . 
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TABLE  IV 
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TRANSFORMATION  TEMPERATURES  AND  COOLING  RATES  FOR 

Zr-1  PCT.  Nb -2  )00  PPM  O 


Cooling  Rate 

C / second 

T  ransformation 
Temperature  °C 

1333 

181 

1660 

772 

2000 

|8l 

2150 

780 

2250 

784 

2480 

781 

3020 

778 

3020 

781 

J 


TABLE  V 
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TRANSFORMATION  TEMPERATURES  AND  COOLING  RATES  FOR 

Zr-  2,5  PCT.  Nb 


Cooling  Rate 
°C  /second 

T  rans  formation 
Temperature  °C 

50 

682 

50 

691 

59 

710 

6  5 

708 

72 

695 

72 

686 

73 

692 

75 

696 

97 

697 

144 

695 

144 

O' 

00 

480 

680 

485 

690 

600 

695 

720 

695 

905 

699 

1200 

695 

1420 

678 

1440 

694 

Cooling  Rate 
°C  / second 

T  ransformation 
Temperature  °C 

1440 

689 

1444 

689;  948 

1825 

695 

2400 

692 

3600 

692 

4000 

692 

4030 

698 

6000 

694 

l 
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TABLE  VI 
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TRANSFORMATION  TEMPERATURES  AND  COOLING  RATES  FOR 


Zr-2.  5  PCT.  Nb-: 


Cooling  Rate 
o 

C / second 

T  ransformation 
Temperature  °C 

51 

729;  957 

62 

730 

70 

726 

75 

735;  952 

83 

736;  957 

100 

730;  958 

450 

733;  954 

496 

749;  953 

500 

743;  963 

500 

---;  943 

594 

732 

755 

73  5 

888 

730 

1000 

732 

1000 

732 

1000 

---;  942 

1000 

735;  936 

1400 

738;  965 

1500 

728;  964 

Cooling  Rate 
°C  / second 

T  ransformation 
Temperature  °C 

1410 

735;  981 

1888 

737;  969 

2040 

738;  943 

2075 

735;  981 

2490 

733 

2500 

747 

2950 

738 

2980 

740;  952 
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TABLE  VII 

XEAMSFQRMATION  TEMPERATURES  AND  COOLING  RATES .HQ.E 

Zr-2,  5  PCT,  Nb-Z000PPM  O 


Cooling  Rate 
°C/ second 

T  ransformation 
Temperature  °C 

Cooling  Rate 
°C  / second 

T  ransformation 
Temperature  °C 

50 

768 

1360 

734 

28 

768 

1510 

744 

50 

766 

1510 

736 

50 

767;  954 

2000 

734;  955 

50 

779;  947 

2000 

734 

58 

787  ; 

2490 

780 

75 

773 

3120 

770 

76 

760 

84 

767;  942 

400 

753 

496 

737 

592 

746 

760 

751;  953 

82 

737 

996 

746  ;  956 

1000 

768 

1007 

735 

1245 

738 

1250 

738;  957 
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TABLE  VIII 
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TRANSFORMATION  TEMPERATURES  AND 

COOLING  RATES  F 

Zr-3  PCT.  Nb 

Cooling  Rate 

C / second 

T  ransformation 
Temperature  °C 

Cooling  Rate  Transformation 
°C/second  Temperature  °C 

38 

749;  954 

2000 

678 

50 

676;  961 

2470 

669 

50 

670 

2500 

681;  960 

54 

673;, 967 

2960 

670 

57 

670;  964 

3000 

665 

62 

749;  954 

3750 

665 

75 

676;  961 

4314 

673;  960 

94 

676;  960 

4980 

679 

400 

672 

617 

669 

750 

672;  952 

858 

68'L;  960 

996 

670;  942 

1010 

681;  960 

1235 

669 

1240 

672 

1500 

669 

1500 

660 

1500 

678;  953 
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TABLE  IX 

TRANSFORMATION  TEMPERATURES  AND  COOLING  RATES  FOR 


Zr-5  PCT.  Nb 

Cooling  Rate 

C / second 

T  ransformation 
Temperature  °C 

Cooling  Rate 
°C  / second 

T  ransformation 
Temperature  °C 

54 

538 

1600 

540 

71 

535 

1788 

523 

120 

558 

1967 

535 

180 

538 

2250 

535 

215 

543 

2500 

524 

258 

555 

3000 

524 

283 

534 

296 

541 

568 

546 

570 

541 

588 

556 

710 

558 

710 

533 

715 

524 

943 

524 

1180 

529 

1317 

550 

1420 

543 

1430 

548 
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TABLE  X 

TRANSFORMATION  TEMPERATURES  AND  COOLING  HATES  FOR 


Zr-5  PCT. 

Nb-1000  PPM  O 

Cooling  Rate 

C / second 

T  ransformation 
Temperature  °C 

Cooling  Rate 
°C  / second 

T  ransformation 
Temperature  °C 

36 

620 

1175 

554 

47 

644 

1200 

572 

47 

642 

1410 

588 

48 

654 

1600 

564 

71 

621 

1800 

575 

100 

601 

2940 

566 

120 

610 

360 

564 

3  75 

586 

390 

573 

475 

559 

475 

560 

480 

558 

590 

588 

710 

575 

710 

572 

710 

574 

710 

563 

715 

581 

78 


TABLE  XI 

EFFECT  OF  CYCLING  ON  Zr-O.  25%  Nb 


Cycle 

Rate 

°C  /second 

T  ransformation 
Temperature  °C 

l 

170 

882 

2 

170 

885 

3 

170 

891 

4 

170 

968 

5 

170 

994 

6 

170 

994 

7 

170 

1012 

APPENDIX  III 


MICROSTRUCTURES  OF  AS-CAST  ALLOYS 
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FIG.  30.  Pure  zirconium. 


swaged  bar,  x  350, 


FIG.  31.  Zr-l  pet.  Nb,  as-cast,  x  350 
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FIG,.  32.  Zr-2.  5  pet.  Nb,  as-cast,  x  350. 


FIG.  33.  Zr-1  pet.  Nb-2000  ppm  O,  x  350 
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